While the concept of venous admixture is simple, the pathways responsible for this entity are complex (1) (2) (3) (4) . They include a multiplicity of channiels which can allow venous blood to reach the peripheral circulation: among them are congenital anomalies of the heart and great vessels; bronchial, Thebesian and anterior cardiac veins; portal-mediastinal-pulmonary venous anastomoses; and pulmonary arteriovenous shunts. This last pathway is of particular interest because such shunts are thought to develop in several common diseases of man. But nio method has been available for assessing the flow which they carry. Hence, the argumenit for their importance has been based largely oni inferential evidence.
This paper has two purposes. The first is to describe a method which will detect, and under certain conditions estimate, abnormal amounts of pulmonary arteriovenous shunt-flow. The second is to present the results obtained when the method was applied in patients with either pulmonary emphysema, pulmonary infection, or alcoholic cirrhosis of the liver, three conditions in which these shunts are said to occur.
METHOD
The method entails: a) dissolving a small volume of the inert, gaseous isotope Kr86 in T-1824 dye, b) injecting a few cubic centimeters of this mixture into one of the great veins, and c) determining the ratio of dye to Kr86 concentrations in the systemic arteries during the initial passage of the indicators. Provided the patient is free of anomalies of the heart and great vessels, the ratio of concentrations depends on the partition of flow between alveolar capillaries and pulmonary arteriovenous shunts. The reasons for this dependence are depicted schematically in Figure 1 shows the concentration curves of dye and Kr85 in the blood leaving the alveolar capillaries. Because the dye remains in the blood stream, its curve has a characteristic contour which rises sharply, reaches a peak, and then declines. By way of contrast, more than 95 per cent of the Kr85 escapes into the alveoli (5) , causing that remaining in solution to inscribe a curve which rises slowly to a maximum value occurring at about the point where manifest recirculation of dye appears. Figure 2 compares the two curves when the indicators traverse pulmonary arteriovenous shunts. Since blood perfusing these channels is deprived of contact with alveolar gas, the Kr85 remains in the blood stream and the dye and Kr86 curves have similar forms. Figure 3 depicts the curves obtained in the presence of both capillary and shunt pathways. In this situation the concentration of Kr85 in the common channel represents the sum of two components, namely, the sloping line from the capillaries and the peaked curve from the shunts.
Calculations
These considerationis provide a background for estimating the pulmonary arteriovenous shunt- Hatching represents dye, closed circles Kr85. presumed that blood can be sampled at the point marked A in Figure 4 . Thus. if blood is withdrawn at a constant rate during the first circulation of the indicators, the ratio of dye to Kr85 in the collected specimen is expressed by Equation 1. [6] Thus far the analysis has ignored the other sources of venous admixture, and it is now necessary to consider how the blood which they contribute influences the relation expressed in Equation 6 . These sources, listed in Figure 4 , convey venous blood into the pulmonary circulation or left heart chambers from vessels other than the pulmonary artery. Because this blood is free of dye and Kr85 during the initial passage of the indicators, it acts as a diluent and reduces the concentrations of dye and Kr85 equally. Hence, the ratio of concentrations of the indicators is insensitive to its presence, and the relation expressed in Equation 6 is unchanged. Similar reasoning can be applied to the blood contained in the left atrium and ventricle. Since this too acts as a diluent, Equation 6 is valid not only for a blood specimen collected at poinit A, but for a specimen withdrawn from a brachial artery, the usual sampling site.
The third assumption of the method is that the Kr"5 in the blood leaving the alveolar limb describes a curve which, during the time of sampling, is an approximately linear function of time. This allows CAK to be expressed as shown in Equation 7 . CAK = Kt [7] where K = the slope of the line. if arterial blood samples are collected into two syringes connected as shown in Figure 5 . Syringe no. 1 samples blood through the densitometer from the time of injectioin to the approximate peak of the dye curve; syringe no. 2 samples from the peak of the curve to some point on the downslope before obvious recirculation of dye appears. Analyses of these two specimens for dye and Kr85 concenitratioins allow Equation 8 to 
TFhe simultaneous solutionl of these two equations provides an expression for Q8/QP.
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Each integral can be evaluated by-first mleasuring the correspondinig area shown in Figure 5 and then multiplying this value by a calibratinig factor, M, which converts the area to the product of concenitrationi and tinme. Thus 
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Since, however, an integral appears in each of the terms of the numerator and denominiator of Equation 11 , the necessity for calibrating the curves is obviated, and the solution of the equation is simplified by substituting the areas for the integrals which they represent.
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[CID] [12] Finally, the calculated value of QS/QP canl be used in conijuinctioni with Equationi 9 to obtain a solution for K. [13] In this equation the time integral of the conOne further relation has considerable importcentration of dye appears only in the terms of the ance. This is the ratio R which defines the slope numerator. and. for this reason, the correspond-K per unit of radioactivity injected. ing areas cannot be substituted as in Equation 12 unless the calibration factor M is applied.
R K [15] MA, [14] where V, = volume of dye injected. The useful- [10] [11]
The units of the quantities included in the foregoing equations are tabulated below. If the concentrations of dye are read in plasma, the numbers must be converted to whole blood values by multiplying each by 1- 
cc Evaluation of the assumptions. As mentioned in the preceding section, the validity of the method rests on three major assumptions. The first is that the transit times through the alveolar and shunt pathways are equal. Such equality would be expected with multiple, small pulmonary arteriovenous fistulas, and, to confirm this expectation, we drew two Kr8" curves in each of two patients in whom such fistulas had been demonstrated by angiography. The curves were constructed by collecting sequential small anaerobic samples of blood from a manifold connected to the needle in the brachial artery. One of the curves, typical of all of them, is shown in Figure 6A . Inspection of the figure reveals that the Kr85 curve was approximately in phase with the dye curve; this phase correspondence suggests that in these two patients the first assumption of the method was met.
But the validity of the assumption is less certain in patients with large fistulas connecting the major pulmonary vessels near the hila of the lungs. WXhile the construction of a Kr85 curve in each such patient is not practical, the validity of the assumption can still be tested in two ways. The first is the appearance of the dye curve: with a large shunt having a short transit time, a break in the curve may appear (6) . The second safeguard is the ratio R defined by Equation 15 . If the transit time of blood through the shunt is shorter than that through the capillaries, R will have a large negative value. While in those patients failing to fulfill the assumption the estimation of shunt-flow is not possible, the method will nevertheless indicate that such shunts exist.
The second assumption of the method, based on the belief that during the first circulation the Kr85 remains in the blood conveyed by shunts, is that the ratio of concentrations of dye to Kr85 in this blood is the same as that in the injectate. While this hypothesis could not be directly tested for shunts in the pulmonary circulation, we indirectly evaluated its validity by injecting a solution of dye and Kr85 into a brachial vein while collecting a blood sample from the pulmonary artery during the time of the initial circulation of the indicators. Such studies were carried out in four patients. In each, the ratio of dye to Kr85 in the sample was almost identical to that in the injectate.
The third assumption is that the blood leaving the alveolar limb describes an arterial concentration curve which is an approximately linear function of time. The validity of this premise is supported by two lines of evidence. The first is theoretical and comes from graphic constructions of the concentrations of Kr85 in blood leaving the alveolar capillaries after a bolus of the isotope has been rapidly injected into one of the great veins. With such an injection, the concentration of Kr85 entering the capillaries resembles either a step function or a tall triangle, and by using a modified Bohr initegration, one can show that the concentration leaving the capillaries has a sigmoid relation to time. While the exact shape depends on the configuration of the bolus, the deviations from linearity of the early portions of the sigmoid curves are small.
The other line of evidence comes from curves actually drawn in eight normal subjects; a typical example is shown in Figure 6B . In such subjects the pulmonary arteriovenous shunt-flow is known to be minimal (7) (8) (9) , and, as expected, the curves approximated straight lines.
A fourth assumption, implied but not previously mentioned, is that the method is insensitive to the other factors that can lower the saturation of the arterial blood. These factors include inadequate ventilation, disturbed ventilation-perfusion relationships, impaired diffusion, and abnormal hemoglobin. None of these factors directly affects the dye curve, and none influences the Kr85 curve to any great extent. For instance, inadequate ventilation and disturbed ventilation-perfusion ratios are of less importance during the brief initial passage of the indicators than are the volumes of air contained in the alveoli contacted by the Kr85-carrying blood. To investigate the effect of different lung volumes, we drew successive curves in six normal subjects while they held their breaths at different fractions of the vital capacity. Whereas the slopes of the Kr8" curves decreased -with increasing lung volumes, the linearity of the curves was not affected.
Although a reduced diffusing capacity may influence the arterial Kr85 concentrationi, a moderately thickened membrane should be of only small consequenice since inert gases reach equilibrium so rapidly.
Finally, abnormal hemoblobini can probably be discounted because Kr85 is believed to be carried in simple physical solution in both the plasma anid the cells.
Procedure in patients. The details of preparinig the solutionis for injection have been published previously (5).
In the present study, the concenitrations of dye anid Kr85 were adjusted so that each cubic cenitimeter of dye contained approximately 50 ,uc of radioactivity. All patients were studied in the fasting, basal state. A small polyethylene catheter was advaniced through an antecubital vein until the catheter tip lay in the axillary veini. A Cournanid needle was iniserted inito the right brachial artery.
The experimenital procedure was started after the patienit Figure 5 . Near the peak of the curve, the stopcock was turned and syringe no. 2 conitiniued the sampling to a point oni the downslope short of obvious recirculationi of dye. Each of the collected samples was thoroughly mixed, then divided inlto two parts: one was used to determine the concentration of dye in plasma, the other was used to assay the radioactivity in hemolyzed blood.
The concenitrationi of radioactivity in each of the blood specimenis was measured by the method of Lasseii and Mlunick (10) . For Seven of the patients with emphysema had values which were no different from those calculated in the normals; the eighth (H. G.) had an estimated shunt-flow of 2 per cent.
Nine of the patients with pulmonary infections had values of shunt-flows within the normal range, while three (J. Q., H. P. and L. P.) had values of 2, 2 and 8 per cent, respectively.
Eleven of the patients with cirrhosis had shunt-flows of less than 1 per cent, two had 2 per cent, and one had 3 per cent.
By way of contrast, the patients with WeberRendu-Osler's disease had shunts between 9 and 57 per cent. Thus, only in these patients did shunts appear to account for the levels of saturation in the arterial blood.
The ratio R was calculated for each patient studied. With a single exception, there was no difference between the values found in the normal subjects and those calculated in the patient groups. The average for the normals was 12.2 with a standard deviation of 7.7. Further, these values agreed with the average value of 12.6 i 5.7 obtained in eight normal subjects in whom the curves of Kr85 concentration were actually drawn. The only exception was a case of Weber-Rendu-Osler's disease with large anastomoses near the hila of the lungs. The value of R in this patient was -1,500, suggesting that the transit times through the shunts were shorter than those through the capillaries. The appearance of the dye curve supported this belief; instead of having a smooth contour, the curve showed two distinct peaks.
DISCUSSION
Advantages and disadvantages of the method. The major advantage of the method is its specificity for detecting the presence of pulmonary arteriovenous shunts (11) . Previous techniques have not clearly distinguished between the flow through pulmonary arteriovenous connections and other sources of venous blood. Recently, Jose and Milnor (12) have used the Valsalva maneuver to demonstrate the presence of shunting, but have carefully emphasized that a shunt can be mimicked by severe ventilation-perfusion disturbances. Recently also Braunwald, Long and Morrow (13), as well as Long, Waldhausen, Cornell and Sanders (14), have used intravenious injectionis of Kr85 alone to demlonistrate that pulmonary arteriovenous shunts exist.
The second advantage of the method resides in the fact that it is not influenced by the level of the arterial saturation, nor does it require that this level be changed. This point is of particular importance in patients with emphysema in whom the administration of oxygen may alter the distribution of blood flow in the lungs.
The chief disadvantage stems from the assumption that the curves of Kr85 in blood perfusing alveoli are linear. This premise imposes the greatest handicap when shunts carry only a small proportion of the pulmonary arterial blood flow, and, for this reason, the method is not suitable for estimating the shunt-flow existing in normal man. That the estimates of larger shunt-flows are more reliable is suggested by the results in the patients with Weber-Rendu-Osler's disease. In these patients, the calculated shunts were compatible with the levels of saturation measured in the arterial blood.
A second disadvantage exists because Kr85 and oxygen have different solubilities in the pulmonary membrane. Hence, a vessel might serve as a shunt for oxygen and not for Kr85.
Results in patients with pulmonary diseases. The fact that shunts were not found in the patients with emphysema or with pulmonary infections does not rule out the possibility that in some patients with these diseases such shunts exist. Emphysema in particular is characterized by its protean manifestations, and it is conceivable that shunts sometimes occur in this complex disease. However, others have published data which make the invariable presence of sizable shunts unlikely (15) . In addition, recent studies have provided evidence that the arterial unsaturation in patients with this disorder can be satisfactorily explained by ventilation-perfusion disturbances alone (16) (17) (18) .
Without question, some patients with emphysema fail to achieve the expected arterial oxygen content when they breathe oxygen, a phenomenon generally attributed to the shunting of venous blood. An alternative explanation may lie in the behavior of those alveoli which are grossly underventilated; these have tensions of oxygen so close to that of the venous blood enteriiig the capillaries that the exchange of gas is (20) suggested that the fundamental affinity of hemoglobin for oxygen is reduced in cirrhosis, but Jandl (21) (25) and by Schoenmackers and Vieten (26) , has recently been investigated by Calabresi and Abelmann (27) . From injection studies performed at autopsy, these last investigators adduced evidence that patients with Laennec's cirrhosis have vascular anastomoses which connect the portal circulation to the pulmonary veins. To investigate whether these channels carry blood in living humans, we studied five patients with alcoholic cirrhosis and four normal subjects, using a technique which entailed catheterization of the pulmonary artery, cannulation of the brachial artery, and installation of a Levine tube in the duodenum. Kr85 was first introduced into the portal circulation by infusing a solution of this gas into the duodenum through the Levine tube. Since preliminary observations had indicated that this procedure produced steady concentrations of Kr85 in the arterial and mixed venous blood streams for periods of from 5 to 9 minutes, blood samples were simultaneously collected from the pulmonary and brachial arteries at 1-minute intervals during this time. The patient then rested quietly until all of the Kr85 had been eliminated via his expired gas. IIn a second run, an infusion of Kr85 was directed into the right atrium and samples of arterial and venous blood were again obtained. The concenitrations of Kr85 in the collected blood specimens were measured. The results are summarized in Table LI. In the four normal subjects, the ratios of venous to arterial concentrations were approximately the same for each route of administration. By way of contrast, the five cirrhotic patients had smaller ratios when the Kr85 was introduced into the duodenum than when it was infused into the right atrium. Since none of the patients manifested a pulmonary arteriovenous shunt when tested by the single injection method, the smaller ratios suggest that blood from the portal veins entered the pulmonary vessels beyond the capillary bed. While these observations support the belief that portal-mediastinal-pulmonary connections contributed to the unsaturation, they do not provide indisputable evidence that these connections were the sole cause. In the first place, the method will not allow a quantitative estimate of the blood flowing through these channels. Secondly, on the basis of the blood oxygen saturation found in the portal circulation by Smythe, Fitzpatrick and Blakemore (28) , the volume of anastomotic flow necessary to lower the arterial saturation to the level seen in some patients with cirrhosis would have to be a remiarkably large fractioii of the flow delivered to the entire splanchnic bed.
SUMMARY
The intravenous injection of Kr 5 dissolved in T-1824 dye provides a method for estimating the fraction of the pulmonary arterial blood flow perfusing arteriovenous shunts. As expected, large shunts were present in patients with WeberRendu-Osler's disease who exhibited arterial blood oxygen unsaturation. By way of contrast, no sizable shunts were evident in 8 patients with pulmonary emphysema or in 12 patients with pulmonary infections. Further, only small shunts were found in 14 patients with Laennec's cirrhosis, even though 9 of these patients had arterial saturations below 94 per cent. Additional studies on 5 of these patients suggested that vascular anastomoses connected the portal bed with the post-capillary segments of the pulmonary vessels. These studies did not reveal the size of the flow through the anastomoses, nor whether this flow fully accounted for the reduced saturation of the arterial blood.
